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APPARATUS AND METHOD FOR
PROVIDING UNINTERRUPTIBLE POWER

BACKGROUND OF THE

INVENTION

1. Field of Invention

At least one embodiment of the present invention relates
generally to control of an uninterruptible power supply.

2. Discussion of Related Art

Uninterruptible power supplies (UPS) are used to provide
reliable power to many different types of electronic equip-
ment. Uninterruptible power supplies regulate power pro-
vided to a load, and can provide backup power to aload in the
event of a loss of primary power, such as during black out or
brown out conditions. Unwanted fluctuations in power pro-
vided to a load can waste energy and damage electrical equip-
ment, which results 1 1ncreased cost, a loss of productivity
and can require repair or replacement of electrical compo-
nents.

SUMMARY OF THE INVENTION

Aspects and embodiments described herein are directed to
uninterruptable power supply control. At least one aspect 1s
directed to an uninterruptible power supply that includes an
input configured to receive mput power, an output, and a
power conversion circuit coupled with the mput and the out-
put. The uninterruptible power supply also includes a bypass
switch that 1s configured to couple the input to the outputin a
bypass mode of operation, and a controller. The controller 1s
coupled with the power conversion circuit and the bypass
switch. The controller 1s also configured to activate the bypass
switch 1n a first configuration to provide the input power at the
output during a first half of a cycle of an 1nput voltage wave-
form, and the controller 1s further configured to activate the
bypass switch in a second configuration to provide the input
power at the output during a second half of the cycle of the
input voltage wavetform.

In some embodiments, the bypass switch includes a first
semiconductor controlled rectifier and a second semiconduc-
tor controller rectifier. The first semiconductor controlled
rectifier 1s controlled by the controller to be active 1n the first
configuration and 1nactive in the second configuration. In
some embodiments, the second semiconductor controller rec-
tifier 1s inactive 1n the first configuration and controlled by the
controller to be active 1n the second configuration. The first
semiconductor controlled rectifier and the second semicon-
ductor controller rectifier can be controlled by the controller
to be 1n alternate operational states in the bypass mode of
operation. In various embodiments, the first and second semi-
conductor controlled rectifiers are arranged 1n an anti-parallel
configuration.

In some embodiments, the uninterruptible power supply 1s
configured 1 a bypass mode of operation and includes a
backup power source, with the controller configured to acti-
vate the power conversion circuit 1n a reverse mode to charge
the backup power source. In one embodiment, wherein the
uninterruptible power supply 1s configured 1n a bypass mode
of operation, the input 1s configured to recerve the input power
from an 1put power source, and the power conversion circuit
1s coniigured to operate in parallel with the mput power
source, wherein the power conversion circuit 1s configured to
provide power at the output within 2 ms from a failure of the
bypass mode.

In one embodiment, the controller comprises a phase lock
loop circuit and a gate control circuit. The phase lock loop
circuit provides the input voltage wavetorm to the gate con-
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trol circuit, and the gate control circuit activates the bypass
switch 1n the first configuration or the second configuration
based at least in part on the mput voltage wavetorm. The
power conversion circuit can also provide power factor cor-
rection and reduced harmonic distortion. In one embodiment,
the mput voltage wavelorm 1s substantially in phase with an
input current signal.

At least one aspect 1s directed to a method of distributing
power using an uninterruptible power supply having an input,
an output, a power conversion circuit, and a bypass switch.
The method 1includes an act of operating the uninterruptible
power supply 1n a bypass mode wherein power at the output 1s
provided from an mput power source via the bypass switch.
The method also includes acts of controlling the bypass
switch to operate 1n a first configuration to provide power at
the output during a first half of a cycle of an mput voltage
wavelorm, and controlling the bypass switch to operate in a
second configuration to provide power at the output during a
second half of the cycle of the input voltage wavetform.

In some embodiments, the bypass switch includes a first
semiconductor controller rectifier and a second semiconduc-
tor controlled rectifier, and the method can include an act of
activating the first semiconductor controlled rectifier 1n the
first configuration, wherein the first semiconductor controlled
rectifier 1s active in the first configuration and the second
semiconductor controlled rectifier 1s tnactive in the first con-
figuration. The method can also include an act of activating
the second semiconductor controlled rectifier 1n the second
configuration, wherein the second semiconductor controlled
rectifier 1s active 1n the second configuration and the first
semiconductor controlled rectifier 1s 1nactive in the second
configuration.

In one embodiment, the uninterruptible power supply
includes a backup power source, and the method includes an
act of controlling the power conversion circuit to charge the
backup power source. The method may also include acts of
receiving input power from an input power source, operating
the power conversion circuit in parallel with the mnput power
source, and providing output voltage from the power conver-
s1on circuit at the output within 1% of a nominal voltage value
between 3.5 ms and 4.5 ms after a failure of the bypass mode.

In one embodiment, the method includes acts of receiving,
input power from an mput power source, operating the power
conversion circuit 1n parallel with the mput power source,
providing voltage from the power conversion circuit at the
output less than 2.5 ms after a failure of the bypass mode, and
identifying a drop 1n output voltage associated with the failure
of the bypass mode more than 3.5 ms after the failure of the
bypass mode. In some embodiments, the method includes
acts of controlling the power conversion circuit to operate as
a power factor corrector rectifier, or removing at least part of
a harmonic signal from an input current received at the input.

At least one aspect 1s directed to a system for distributing
power with an uninterruptible power supply. The system
includes an mnput configured to receive input power, an out-
put, and a power conversion circuit coupled with the input and
the output. The system also includes a bypass switch config-
ured to couple the mput to the output 1n a bypass mode of
operation, and a controller coupled with the power conversion
circuit and with the bypass switch. The system also includes
means for activating the bypass switch 1n a first configuration
during a first half of a cycle of an input voltage wavetform, and
in a second configuration different from the first configura-
tion during a second half of the cycle to provide the input
power at the output.

In some embodiments, the system further includes means
for activating a first semiconductor controlled rectifier of the
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bypass switch i the first configuration, wherein a second
semiconductor controlled rectifier of the bypass switch 1s
inactive in the first configuration. The system may also
include means for activating the second semiconductor con-
trolled rectifier in the second configuration, wherein the first
semiconductor controlled rectifier 1s mactive in the second
configuration.

At least some of these aspects and embodiments are
achieved by the methods and systems according to indepen-
dent claim 1 and any other independent claims. Further
details may be found 1n the remaining dependent claims.

These and other aspects and embodiments are discussed 1n
detail below. The foregoing information and the following
detailed description include illustrative examples of various
aspects and embodiments, and provide an overview or frame-
work for understanding the nature and character of the
claimed aspects and embodiments. The drawings provide
illustration and a further understanding of the various aspects
and embodiments, and are incorporated 1n and constitute a
part of this specification. The drawings, together with the
remainder of the specification, serve to describe and explain
the claimed aspects and embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly i1dentical
component that 1s 1llustrated in various figures is represented
by a like numeral. For purposes of clarity, not every compo-
nent may be labeled 1n every drawing. In the drawings:

FIG. 1 1s a functional block diagram depicting an uninter-
ruptible power supply 1n accordance with an embodiment;

FIG. 2 15 a functional block diagram depicting an uninter-
ruptible power supply 1n accordance with an embodiment;

FIG. 3 1s a functional block depicting an uninterruptible
power supply 1n accordance with an embodiment;

FI1G. 4 1s a graph depicting an input voltage wavetform of an
uninterruptible power supply in accordance with an embodi-
ment;

FIG. 5 15 a functional block diagram depicting an uninter-
ruptible power supply 1n accordance with an embodiment;

FIG. 6 1s a graph depicting output voltage of an uninter-
ruptible power supply 1n accordance with an embodiment;

FIG. 7 1s a graph depicting input current, output current,
and output voltage of an uninterruptible power supply 1n

accordance with an embodiment;

FI1G. 8 1s a graph depicting input voltage and output voltage
of an unminterruptible power supply 1n accordance with an
embodiment; and

FIG. 9 1s a flow chart depicting a method of distributing,
power using an uninterruptible power supply 1n accordance
with an embodiment.

DETAILED DESCRIPTION

The systems and methods described herein are not limited
in their application to the details of construction and the
arrangement of components set forth 1n the description or
illustrated in the drawings. The mvention 1s capable of other
embodiments and of being practiced or of being carried out 1n
various ways. Also, the phraseology and terminology used
herein 1s for the purpose of description and should not be
regarded as limiting. The use of “including” “comprising”
“having 7Y

A B 4 4

containing” “involving” and variations thereof
herein, 1s meant to encompass the i1tems listed thereafter,
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equivalents thereof, and additional 1tems, as well as alternate
embodiments consisting of the items listed thereafter exclu-
stvely.

Various aspects and embodiments are directed to uninter-
ruptible power supplies. In one example, an uninterruptible
power supply (UPS) may include an inverter, a controller, and
a bypass switch. In a bypass mode of operation, the controller
operates the bypass switch to provide power at the uninter-
ruptible power supply output from an imput power source via
the bypass switch. The controller can also operate the inverter
during online operation to regulate the inverter output voltage
and to provide output voltage from the verter at the UPS
output when bypass operation 1s interrupted. The controller
can also operate the imnverter during bypass and other opera-
tion modes to provide, among other things, power factor
correction, harmonic current distortion control, and active
power to charge a backup power source.

FIG. 1 1s a functional block diagram depicting an uninter-
ruptible power supply (UPS) 100. The uninterruptible power
supply 100 includes power conversion circuitry such as a
circuit breaker/filter 105, a rectifier 110, a control switch 115,
a controller 120, a backup power source 125, an inverter 130,
a transformer such as 1solation transformer 133, and a bypass
switch 140. The uninterruptible power supply 100 also
includes at least one mnput 1435 and output 150. The input 145
couples the AC power source 155 with the uninterruptible
power supply 100, and the output 150 couples the uninter-
ruptable power supply 100 with a load.

In one embodiment, the circuit breaker/filter 105 receives
power from the AC power source 155 via the input 145, filters
this input AC power, and provides filtered AC power to the
rectifier 110. The rectifier 110 rectifies the filtered AC power,
and provides rectified power to the control switch 113. The
control switch 1135 recerves the rectified power from the rec-
tifier 110, and recerves DC power from the backup power
source 125, such as a battery or fuel cell. Under the control of
the controller 120, the control switch 110 provides power
from the rectifier 115 to the mverter 130. For example, the
controller 120 changes the state of the control switch 1135 to
couple the rectifier 115 with the inverter 130 when the con-
troller 120 determines that the output power of rectifier 110 1s
within a tolerance range. In one embodiment, the controller
120 determines that the output power of the rectifier 110 1s
outside a tolerance range, for example during a black out or
brown out condition. In this example, the controller 120 oper-
ates control the switch 115 to provide DC power from the
backup power source 125 to the mverter 130 directly or via
intervening components such as the rectifier 110. The unin-
terruptible power supply 100 also provides power at the out-
put 150 for a load via the backup power source 125 during
failure of the AC power source 155.

The mverter 130 recerves DC power output from the rec-
tifier 110 or the backup power source 123, converts the DC
power to AC power, and regulates the AC power. In one
embodiment where the uninterruptible power supply 100
includes the 1solation transtormer 135, the inverter 130 pro-
vides regulated AC power to the 1solation transformer 135.
The 1solation transformer 135 increases or decreases the volt-
age of the AC power output from the mverter 130, and pro-
vides 1solation between the uninterruptible power supply 100
and a load.

In one embodiment, the bypass switch 140 couples the AC
power source 13535 or the input 145 with the output 150,
bypassing at least some components of the uninterruptible
power supply 100, (e.g., the rectifier 110) to provide power to
the output 150 1 a bypass mode of operation. For example,
the controller 120 controls the bypass switch 140 to operate in




US 8,303,361 B2

S

the bypass mode when mput power from the AC power source
155 1s within a tolerance range, or when there 1s a failure of
the rectifier 110 or other component of the uninterruptible
power supply 100.

In one embodiment, the uninterruptible power supply 100
may be part of a dual mains system, as 1llustrated in FIG. 2,
where the AC power source 155 (e.g., via a first main line) can
provide mput power to rectifier 110 via the mnput 145, and a
second AC power source 205 (e.g., viaa second main line) can
provide bypass power to the output 150 via the bypass switch
140. For example, the controller 120 operates the bypass
switch 140 to couple the mput 210 with the output 150 to
provide power from the second AC power source 205 at the
output 150 to, for example, power a load. In one embodiment,
the AC power source 135 1s a utility power source, and the
second AC power source 205 1s a backup generator or other
non-utility backup power source. In this example, upon fail-
ure of the AC power source 155, the uninterruptible power
supply 100 provides power to output the 150 via backup
power source 125 while the second AC power source 205 1s
brought online, (e.g., turned on). When the second AC power
source 203 1s operating within a tolerance range, the uninter-
ruptible power supply 100 operates 1 a bypass mode of
operation to provide power at the output 150 from the second
AC power source 203.

In some embodiments, the input 145 and the input 210 both
couple with the AC power source 155, or the second AC
power source 205, for example with separate circuit breakers
or fuses. If power 1s lost at the input 145, the input 210 may
provide power to the output 150 during bypass operation. In
one embodiment, controller 120, backup power source 125,
or other UPS 100 components recetve power via rectifier 110,
during various modes of operation 1ncluding, for example,
bypass operation.

FI1G. 3 1s a functional block diagram depicting uninterrupt-
ible power supply (UPS) 100. In one embodiment, the bypass
switch 140 1includes semiconductor controlled rectifiers
(SCR’s) 305 A and 305B arranged 1n an anti-parallel configu-
ration as illustrated 1n FIG. 3. The controller 120 selectively
activates the semiconductor controlled rectifiers 305A and
305B to activate the bypass switch 140 to provide power from
the mput 145 at the output 150 1n a bypass mode of operation.
During a positive half-cycle of the mput voltage wavetorm,
the controller 120 activates (e.g., gate ON) the semiconductor
controlled rectifier 305A with the semiconductor controlled
rectifier 305B 1n an OFF state. During a negative halif-cycle of
the input voltage wavetorm, the controller 120 activates the
SCR 3035B, with the SCR 305A reverting to the OFF state. In
this example, the two semiconductor controlled rectifiers 305
are 1n alternating states during one full cycle of the mput
voltage wavelorm.

In one embodiment, controlling the two SCR’s 3035 in
alternate states throughout the 1input voltage wavetorm cycle
climinates or substantially reduces backieed from the inverter
130 into the main lines upon bypass mode failure, which can
occur 1n a conventional system.

In one embodiment the controller 120 operates the inverter
130 1n parallel with the input power main lines during bypass
operation of the uminterruptible power supply 100. With the
inverter 130 active during bypass operation, the inverter 130
can more quickly provide output power at the output 150
upon loss of bypass power, and can provide near-unity power
tactor correction (PFC) and harmonic distortion correction at
the UPS 1input. With PFC provided by the inverter 130 during,
bypass operation, the UPS current and voltage inputs are
substantially in phase, and because they are in phase the

controller 120 can determine which SCR 305A or 3058 1s to
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be activated during which portion of the input voltage cycle.
In one embodiment, the controller 120 can activate the
iverter 130 to provide output voltage at the output 150 within
+/—1% of the nominal output voltage value within 4.0 ms of
bypass mode disruption, and within +/-30% within 0.2 ms of
bypass mode disruption.

FIG. 4 depicts a typical input voltage signal 400 from the
power source 155. The waveform of FIG. 4 includes two
cycles 405, each having a positive half-cycle 410 and a nega-
tive half cycle 415. In one embodiment, the controller 120
controls the bypass switch 140 to be active in two different
configurations during the cycle 405. For example, the con-
troller 120 activates the semiconductor controlled rectifier
305A during the positive hali-cycle 410, with the semicon-
ductor controlled rectifier 3058 being OFF during the posi-
tive hali-cycle 410. Continuing with this example, the con-
troller 120 activates the semiconductor controlled rectifier
305B during the negative hali-cycle 415, and the semicon-
ductor controlled rectifier 305A reverts to the OFF state. In
this example, the bypass switch 140 has two active configu-
rations during the cycle 405, with SCR 305A and SCR 305B
being 1n alternate states (e.g., one SCR 3035 1s ON with the
other OFF) for each half-cycle.

FIG. 5 1s a functional block diagram depicting control of
the mverter 130 and of the bypass switch 140 1n accordance
with one embodiment, which may include capacitor 545 to
filter mnverter output that is provided to load 310. The control-
ler 120 operates the mverter 130 to provide active power
control 1n a bypass mode of operation. In one embodiment,
the controller 120 operates the inverter 130 1n parallel with
input main lines during bypass operation with increased
impedance respective to inverter impedance in on-line or
backup operating modes. The controller 120 also controls the
iverter 130 to provide active power control of the DC bus
voltage between the mverter 130 and the rectifier 110 to
regulate charging of the backup power source 125 and to
provide operating power to components of the uninterruptible
power supply 100. In some embodiments, the controller 120
operates the inverter 130 to provide reactive power control
and power factor correction. The controller 120 also operates
the inverter 130 to reduce or eliminate harmonic current dis-
tortion.

In one embodiment, a reference voltage generator 505
receives phase angle data 400 that 1s the output of phase
locked loop 517, as well as the output of active power regu-
lator 521, (e.g., a control signal that maintains the imverter DC
bus voltage 523), and the output of reactive power compen-
sator 525, (e.g., a control signal that removes leading or
lagging reactive power from the input current 529). From
these recerved inputs, the reference voltage generator 505
generates reference AC voltage V ,, -, and provides this signal
to subtraction function 533, which compares AC V.~ with a
sensed output voltage 507 and provides a differential output
signal to an output voltage regulator 509. A sum function 535
sums the output control signal of the output voltage regulator
509 with the output of a harmonic current compensator 527
(e.g., a control signal to remove distortion from the sensed
input current 529) to generate a reference current signal I, -~
A differential value of between reference current signal 1, .~
and the sensed output current 513 1s generated by comparator
537 and provided as mput to a current regulator 511. The
current regulator 511 provides a regulated current control
signal as output to a pulse width modulator (PWM) 513 based
on the differential generated by the comparator 537. The
PWM 315 receives the current control signal from current
regulator 511 as input and generates control signals to control
the mverter 130 operation, for example by driving mnverter
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output current towards the value of reference current I ..~ In
one embodiment, PWM control signals output from the pulse
width modulator 515 are provided to insulated gate bipolar
transistors to control operation of the inverter 130.

In one embodiment, the controller 120 controls the inverter
130 to provide power factor correction at the mput 145
approaching unity, (e.g., greater than 0.98) in a bypass mode
of operation, with the mput voltage 519 and an input current
529 substantially 1n phase. A phase locked loop 517 receives
as mput a sensed input bypass voltage 519 (e.g., the main lines
voltage), and outputs the voltage signal 400, which indicates
the phase angle of the input bypass voltage signal 519. A gate
control circuit of the controller 120 may use the voltage signal
400 to control the semiconductor controlled rectifiers 305A
and 305B. In the positive haltf-cycle 410 the gate control
circuit triggers SCR 305A and does not trigger SCR 305B. In
the negative hali-cycle 415 the gate control circuit triggers
SCR 305B and does nottrigger SCR 305A. The UPS 100 may
include an mdividual gate control circuit for each SCR 305A
and B for independent control. The control signals for SCR
305A and SCR 305B are not necessarily active for exactly
50% of the total time, nor do they necessarily exactly follow
the time 1nstances of zero crossings of the voltage wavetorm.
In one embodiment, turn-on and turn-off instances of SCR
305A and SCR 303B control signals can differ in leading or
lagging directions from the time instances of zero crossings
of the mput voltage waveiorm, and the active period for each
signal can be above or below 50% of the full cycle time.

The controller 120 may also include the active power regu-
lator 521 for active power control of an mnverter DC bus 523,
the reactive power compensator 325 to remove 90° lead/lag
current and voltage phase differentials for power factor cor-
rection, and the harmonic current compensator 527 to remove
harmonic distortions from the input current of the UPS 100.
In one embodiment, a comparator 341 determines a differen-
tial between the inverter DC bus voltage 523 and a DC refer-
ence voltage V.. recerved as mput from a DC reference
voltage generator 543. The comparator 5341 provides the dit-
terential as output to the active power regulator 521. Based on
the differential signal recetved from the comparator 5341, the
active power regulator adjusts or regulates the amplitude or
phase of the DC reference voltage and provides a control
signal with this information to the voltage reference generator
505. The voltage reference generator 505 generates AC V.~
based on voltage or phase angle information from the active
power regulator 521, the reactive power compensator 525,
and the voltage signal 400, (e.g., the phase locked loop 517
output of the voltage signal 519). During, for example, bypass
operation, control loops that include the active power regula-
tor 521 and the reactive power compensator 5235 adjust the
voltage amplitude or phase of ACV ... The control loop that
includes the harmonic current compensator 527 combines
with the output voltage regulator 509 to generate reference
current value I, to control the current (e.g., the output
current 513 ) of the inverter 130. The control loop that includes
the harmonic current compensator 527 recerves the sensed
input current 329 and phase locked input voltage signal 400 to
remove harmonic distortion from the input current 529. In
one embodiment, a user can disable the harmonic current
compensator, for example by selective control of switch 539.

In one embodiment, the active power regulator 521 1s part
ol a control loop that maintains the voltage at the inverter DC
bus 523 within a desired range. For example, during bypass
operation, the rectifier 110 may be powered down, and the
inverter 130 may operate in a reverse mode as a rectifier to
power the controller 120, other loads coupled with the DC bus
523, or charge the backup power source 125. The differential
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between reference voltage DC V.. and the sampled DC
voltage of the inverter DC bus 323 1s provided to the active
power regulator 521 and used by the reference voltage gen-
erator 505 to determine DC V... The controller 120 may
then operate the mverter 130, using PWM control signals, to
drive the DC voltage of the mverter DC bus 523 toward the
DC reference voltage, maintaiming 1t within a tolerance range.
In one embodiment, the active power regulator 521 1s part of
a voltage control loop that operates the inverter 130 as a
voltage source during bypass operation with increased output
impedance from the mverter 130 to facilitate control at the
output 150. In the event of a bypass mode failure, the con-
troller 120 operates the imverter 130 to lower 1ts output imped-
ance and provide voltage at the output 150. In one embodi-
ment, 1n a bypass mode of operation the rectifier 110 supplies
at least part of the power requirements of backup power
source 125, controller 120, or other components via power
from rectifier mains mput 531.

In one embodiment, the controller 120 includes the reac-
tive power compensator 525 for reactive power control of the
uninterruptible power supply 100. The inverter 130 operates
in parallel with the bypass mains input 303 during bypass
operation, so current follows a path between the inverter 130
and the mains input 503, dependent on the difference between
the bypass voltage 519 and the inverter output voltage 507, as
well as the impedance of the inverter 130. In this example, the
controller 120 increases the output impedance of the imnverter
130 relative to an operating mode where the inverter 130 1s not
operating 1n parallel with the mains (e.g., on-line, double
conversion, or backup modes). The reference voltage genera-
tor 505 adjusts the amplitude or phase angle of inverter ref-
erence voltage AC V.- based on inverter output impedance
to generate reference inverter control current I, for active
and reactive power control.

In one embodiment, to provide power factor correction the
control loop that includes the reactive power compensator
525 take the PLL output signal, add n/2, and uses this as an
input to a look-up table, which returns the sine of the mput
angle. The output of the table corresponds to the cosine of the
angle, and 1s multiplied by the sensed input current 529. This
product passes through a low pass filter, and the output of the
low pass filter 1s a value with an amplitude being proportional
to the amount of reactive power and with a sign or polarity
being positive or negative based on the reactive power being
leading or lagging. This value 1s multiplied by a reference
signal, which 1s the cosine of the phase angle wt of the voltage
at the mput 145, to generate the value of reference current
I,z which compensates for the imaginary part of mput
current 529. The sensed input current 529 may be measured
directly at the bypass mains mmput 503 by, for example, a
current transformer, or can be derived from the difference
between load current and inverter input current.

In one embodiment, the harmonic current compensator
527 controls the inverter 130 to compensate for harmonic
currents drawn by the load 310. This control loop cancels
harmonic distortion for all phase angles of the harmonic. In
one embodiment, the harmonic current compensator 527
includes a control loop for all uneven harmonics (e.g., H3,
H5, etc.) from the third to the thirteenth harmonic. For
example, to compensate for third harmonic distortion, the
phase wt 1s multiplied by three, and the sine and cosine are
generated to 3 wt using a sine reference table. These signals
are multiplied by the sensed mput current 529 and passed
through a low pass filter. The resulting value 1s multiplied to
a sine or cosine to generate reference current signal 1, .. This
example can be extended to other harmonics. For example, a
table of harmonic current distortion levels of the input current
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529 and the output current 513 uneven harmonics H3 through
H13 where the uninterruptible power supply 100 provides
power to a non-linear load, compliant with IEC 62040-3
Annex E standards, 1s reproduced below. As indicated 1n the
table, the controller 120 reduces the total harmonic current
distortion (THDI) from 105% at the output of the uninterrupt-
ible power supply 100 (e.g., at the load si1de, the output current
513, or the output 150) and 6% at the input of the uninterrupt-
ible power supply 100 (e.g. at input current 529).

UPS Input UPS Output
H3 1.74% 83.3%
H5 0.59% 56.0%
H7 0.37% 27.6%
HY9 0.11% 6.8%
HI11 0.19% 0.1%
H13 0.23% 7.2%
THDI 6.00% 105.0%

The 1nput current (e.g., at the mput 145), output current
(e.g., at the output 150), and output voltage (e.g., at the output
150) of the uninterruptible power supply 100 during bypass
mode operation with a non-linear load 1s 1llustrated 1n FI1G. 7
with harmonic distortion compensation (e.g., as indicated in
the above table) and power factor correction (e.g., from 0.7 at
the output to greater than 0.9 at the iput), where the upper
plot depicts the mput current and output voltage, and the
lower plot depicts the output current.

In one embodiment, the controller 120 operates the inverter
130 to compensate for reactive power and harmonics during
bypass operation. The uninterruptible power supply input
current and voltage are substantially in phase with each other,
and the controller 120 can 1dentify the semiconductor con-
trolled rectifier (SCR) 305 that 1s to be activated during an
identified half-cycle of the mput voltage signal 400. By con-
trolling the gating signals of the semiconductor controlled
rectifiers 305, one SCR 303 1s triggered during one half-cycle,
preventing the mnverter 130 from backieeding current into the
main lines 1n the event of a low impedance main failure (e.g.,
short circuit) at the input 145 during bypass operation.
Because the selective activation of the SCR’s 305 prevents the
inverter 130 from backieeding current, the controller 120 can
turn off the bypass switch 140. In this example the inverter
130 continues operating and can provide output voltage at the
output 150.

In one embodiment, the uninterruptible power supply 100
satisfies the standards of the International Electrotechnical
Commuission, such as international standard IEC 62040-3 for
uninterruptible power systems. For example, the uninterrupt-
ible power supply 100 output voltage performance, when
subjected to main lines voltage failure, (e.g., high or low
impedance/short circuit failures ) during bypass operation sat-
isfies the IEC 62040-3 classification 1 standard with no more
than a 30% interruption of the voltage at the output 150 upon
a Tailure of the mains 1input voltage 503 during bypass opera-
tion, or satisfies the IEC 62040-3 classification 2 standard
where the voltage at the output 150 1s subject to a 100%
interruption for up to 1 mS upon a failure of the mains input
voltage 503 during bypass operation. The uninterruptible
power supply 100 output voltage performance during bypass
operation can also satisty the IEC 62040-3 classification 3
standard with a 100% interruption for up to 10 mS.

In one embodiment, with reference to FIG. 6, approxi-
mately 0.1 ms after a bypass mode failure during transition to
a backup mode of operation, the voltage at the output 150
drops 30% or less from the nominal output voltage. After
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approximately 0.2 to 0.3 mS this voltage drop lessens to about
25% for the next approximately 3 ms, and returns to within
approximately +/—1% of the nominal value approximately 4
ms aiter bypass mode failure. In one embodiment, 3 mS 1s the
response time of a voltage detector to detect the voltage at the
output 150. In this illustrative embodiment, the controller 120
operates the inverter 130 to provide voltage at the output 150
when there 1s a bypass mode failure, but before the voltage
drop at the output 150 that 1s associated with the failure of the
bypass mode 1s detected.

The voltage at the output 150 upon mains failure 1s 1llus-
trated 1n FI1G. 8, where the upper plot depicts the voltage at the
input 145 from the AC power source 155 that 1s interrupted
upon bypass mode failure, and where the lower plot depicts
the voltage at the output 150 before and after bypass mode
failure. A short circuit at the main lines, the bypass mains
mput 503, or the input 145 causes mput voltage to drop to
zero, as 1llustrated in FIG. 8 at the 105 ms mark. In one
embodiment, prior to the bypass mode failure, the mverter
130 is active and operates in parallel with the mains lines
during bypass mode. After the bypass mode failure, the unin-
terruptible power supply 100 operates 1n an on-line or other
non-bypass mode, and the inverter 130 provides voltage at the
output 150. In the example of FIG. 8, the voltage at the output
150 recovers to substantially the nominal value between 3 ms
and 4 ms after the bypass mode failure, (e.g., between the 108
ms and 109 ms marks).

FIG. 91s aflow chart depicting a method 900 of distributing,
power using an uninterruptible power supply (UPS) having
an 1mput, an output, an inverter, and a bypass switch, such as
the uninterruptible power supply 100. In one embodiment,
method 900 includes an act of operating the UPS 1n a bypass
mode (ACT 905) wherein power at the UPS output 1s pro-
vided from an mput power source via the bypass switch. The
UPS may include power conversion circuitry such as a recti-
fier, backup power source, and other components, and oper-
ating the UPS 1n the bypass mode (ACT 903) includes pro-
viding power from the 1nput at the output, where the power
may bypasses the rectifier, backup power source, and other
UPS components, which may be at least partially powered
down. The mput power source may include a utility AC power
source or backup AC main line power source coupled with the
bypass switch via at least one UPS input. The bypass switch
can be 1n at least one of a plurality of active configurations
(e.g., turned on) when the UPS 1s operating in the bypass
mode (ACT 905), and 1n an 1nactive or OFF configuration in
other modes.

In one embodiment, method 900 includes an act of con-
trolling the bypass switch to operate 1n a first configuration
(ACT 910) that provides power at the output via the bypass
switch and from the input power source. Method 900 can also
include an act of controlling the bypass switch to operate 1n a
second configuration (ACT 9135) to provide power at the
output via the bypass switch. During operation 1n the first
configuration (ACT 910) and the second configuration (ACT
915), the bypass switch 1s active and the UPS 1s operating 1n
the bypass mode (ACT 905) to provide power at the output. In
one embodiment, the bypass switch 1s in different active
states when operating 1n the first and second configurations.
The bypass switch can be deactivated in on-line, double con-
version, backup or other operational modes where the bypass
switch 1s 1n an OFF or 1nactive state. In one embodiment, the
time periods during which the bypass switch 1s controlled in
the first configuration (ACT 910) and the second configura-
tion (ACT 915) are mutually exclusive.

The bypass switch may include first and second semicon-
ductor controlled rectifiers (SCR’s) 1n an anti-parallel con-




US 8,303,361 B2

11

figuration. In some embodiments, controlling the bypass
switch to operate in the first configuration (ACT 910)
includes activating (e.g., turning ON) a first of the two semi-
conductor controlled rectifiers (ACT 920), with the second
SCR 1n an mactive or OFF state. Controlling the bypass
switch to operate 1n the second configuration (ACT 915)
includes activating the second of the two semiconductor con-
trolled rectifiers (ACT 925), with the first SCR 1n an 1mactive
or OFF state. In one embodiment, the bypass switch 1s 1n the
first and second configurations during opposite half-cycles of
a wavetorm of the UPS input voltage waveform.

In one embodiment, method 900 includes an act of con-
trolling the UPS inverter (ACT 930). For example, control-
ling the mverter (ACT 930) may include controlling the
inverter to charge a backup power source of the UPS where
the inverter operates as a PFC rectifier to provide power factor
correction at the UPS input, and to maintain a DC bus voltage
within a tolerance range to provide DC power to UPS com-
ponents such as the controller and to charge the backup power
source. In one embodiment, the mverter 1s controlled (ACT
930) to compensate for harmonic distortion of the UPS 1nput
current.

Controlling the UPS mverter (ACT 930) may also include
operating the iverter in parallel with the input power source
during bypass operation of the UPS to provide voltage at the
UPS output upon failure of the bypass mode. In this example,
the iverter provides continuous voltage at the UPS output
with less than a 30% drop from a nominal voltage level within
0.2 ms of cessation of bypass mode operation. The inverter 1s
also controlled (ACT 930) to provide voltage at the output
that 1s within 1% of the nominal output voltage within
approximately 3.5 to 4.5 ms after bypass mode operation
ceases.

In one embodiment, inverter voltage can be provided at the
output before a voltage detector detects the UPS output volt-
age drop that occurs when bypass operation ceases, due for
example to a short circuit or other failure condition. For
example, a voltage detector together with the UPS controller
identifies the UPS output voltage drop at bypass mode failure
alter a delay of 3 ms, 3.5 ms or more. Controlling the inverter
(ACT 930) may include providing the inverter voltage at the
output less than 2.5 ms after bypass mode operation ceases
where the mverter 1s controlled (ACT 930) to apply voltage at
the output upon bypass mode failure before the failure 1s
detected by the UPS controller. In some embodiments, the
iverter 1s controller (ACT 930) with either the first SCR
active (ACT 920) or the second SCR active (ACT 930).

Having now described some illustrative embodiments, 1t 1s
apparent that the foregoing 1s illustrative and not limiting,
having been presented by way of example. In particular,
although many of the examples presented herein involve spe-
cific combinations of method acts or system elements, 1t 1s
understood that those acts and those elements may be com-
bined in other ways to accomplish the same objectives. Acts,
clements and features discussed only 1n connection with one
embodiment are not imtended to be excluded from a similar
role in other embodiments.

Note that 1n FIGS. 1 through 9, the enumerated items are
shown as individual elements. In actual implementations of
the systems and methods described herein, however, they
may be iseparable components of other electronic devices
such as a digital computer. Thus, actions described above may
be implemented at least in part 1in software that may be
embodied in an article of manufacture that includes a program
storage medium. The program storage medium includes non-
transitory and other data signals embodied in one or more of
a carrier wave, a computer disk (magnetic, or optical (e.g., CD
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or DVD, or both)), non-volatile memory, tape, a system
memory, and a computer hard drive.

From the foregoing, 1t 1s appreciated that the systems and
methods for distributing power provided by the uninterrupt-
ible power supply described herein afford an elegant and
clfective way to distribute power to a UPS output, where 1t can
be applied to a load. The systems and methods can operate
during UPS bypass conditions, which increases elliciency
and lowers cost.

Any references to front and back, left and rnight, top and
bottom, or upper and lower and the like are intended for
convenience of description, not to limit the present systems
and methods or their components to any one positional or
spatial orientation.

Any references to embodiments or elements or acts of the
systems and methods herein referred to in the singular may
also embrace embodiments including a plurality of these
clements, and any references 1n plural to any embodiment or
clement or act herein may also embrace embodiments includ-
ing only a single element. References 1n the singular or plural
form are not intended to limait the presently disclosed systems
or methods, their components, acts, or elements to single or
plural configurations. References to any act or element being
based on any information, act or element may include
embodiments where the act or element 1s based at least in part
on any information, act, or element.

Any embodiment disclosed herein may be combined with
any other embodiment, and references to “an embodiment,”
“some embodiments,” “an alternate embodiment,” “various
embodiments,”’ “one embodiment” or the like are not neces-
sarily mutually exclusive and are intended to indicate that a
particular feature, structure, or characteristic described in
connection with the embodiment may be included 1n at least
one embodiment. Such terms as used herein are not necessar-
ily all referring to the same embodiment. Any embodiment
may be combined with any other embodiment 1n any manner
consistent with the aspects and embodiments disclosed
herein.

References to “or” may be construed as inclusive so that
any terms described using “or’” may indicate any of a single,
more than one, and all of the described terms. Intervening
embodiments, acts, or elements are not essential unless
recited as such. Any solution to a problem, or any element or
act presented herein in the alternative, for example using the
word “or,” 1s neither ambiguous nor indirect simply because
it may be presented 1n the alternative. Any such alternative
embodiments, solutions, elements, or acts are derivable
directly and unambiguously as at least one embodiment 1inde-
pendent of any other alternative solutions, elements, or acts.

Where technical features 1n the drawings, detailed descrip-
tion or any claim are followed by reference signs, the refer-
ence signs have been included for the sole purpose of increas-
ing the intelligibility of the drawings, detailed description,
and claims. Accordingly, neither the reference signs nor their
absence have any limiting effect on the scope of any claim
clements.

One skilled 1n the art will realize the systems and methods
described herein may be embodied 1 other specific forms
without departing from the characteristics thereof. For
example, the uninterruptible power supply can be a single
phase or three phase uninterruptible power supply. Further,
couplings between uninterruptible power supply components
include direct couplings and indirect couplings where inter-
vening elements may be present. The controller 120 can
include combinations of hardware, software, and firmware, as
well as application specific integrated circuits, programmable
logic devices, and processors. Input power can be provided by
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the AC power source, or any second or backup power source,
and combinations thereof. Embodiments described with
input power from any of these sources may encompass varia-
tions thereol where power 1s provided at least in part from
another of these sources. The bypass mode of the uninterrupt-
ible power supply may be referred to as an economic, green,
or ECO mode, as providing input power from the AC power
source at the output via the bypass switch bypasses the recti-
fier and 1ncreases power elficiency. The inverter can have
different topologies, and can include two-level and three-
level mverters and other topologies or multilevel topologies
including four level topologies. Further, bypass mode failures
include low mmpedance and high impedance failures. The
foregoing embodiments are illustrative rather than limiting of
the described systems and methods. Scope of the systems and
methods described herein 1s thus indicated by the appended
claims, rather than the foregoing description, and changes
that come within the meaning and range of equivalency of the
claims are embraced therein.

What is claimed 1s:

1. An uninterruptible power supply, comprising:

an 1put configured to recerve input power;

an output;

a power conversion circuit coupled with the input and the

output;

a bypass switch configured to couple the input to the output

in a bypass mode of operation;

a controller coupled with the power conversion circuit, and

the bypass switch;

the controller configured to activate the bypass switch in a

first configuration to provide the input power at the out-
put during a first half of a cycle of an mmput voltage
wavetorm; and
the controller configured to activate the bypass switch in a
second configuration different from the first configura-
tion to provide the input power at the output during a
second half of the cycle of the mput voltage wavetorm

wherein the controller comprises a phase lock loop circuit
and a gate control circuit, the phase lock loop circuit
configured to provide the input voltage wavelform to the
gate control circuit, and the gate control circuit config-
ured to activate the bypass switch 1n one of the first
configuration and the second configuration based at least
in part on the mput voltage wavetorm.

2. The uninterruptible power supply of claim 1, wherein the
bypass switch includes a first semiconductor controlled rec-
tifier and a second semiconductor controller rectifier, wherein
the first semiconductor controlled rectifier 1s controlled by the
controller to be active 1n the first configuration and 1nactive 1in
the second configuration.

3. The uninterruptible power supply of claim 2, wherein the
second semiconductor controller rectifier 1s inactive 1n the
first configuration and controlled by the controller to be active
in the second configuration.

4. The uninterruptible power supply of claim 2, wherein the
first semiconductor controlled rectifier and the second semi-
conductor controller rectifier are controlled by the controller
to be 1n alternate operational states in the bypass mode of
operation.

5. The uninterruptible power supply of claim 1, wherein the
bypass switch includes a first semiconductor controlled rec-
tifier and a second semiconductor controller rectifier arranged
in an anti-parallel configuration.

6. The uninterruptible power supply of claim 1, wherein the
uninterruptible power supply 1s configured 1n a bypass mode
of operation, further comprising:
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a backup power source; and

the controller configured to activate the power conversion
circuit 1n a reverse mode to charge the backup power
source.

7. The uninterruptible power supply of claim 1, wherein the
uninterruptible power supply 1s configured 1n a bypass mode
of operation, further comprising:

the input configured to receive the mput power from an

input power source; and

the power conversion circuit configured to operate 1n par-

allel with the mput power source, wherein the power
conversion circuit 1s configured to provide power at the
output within 2 ms from a failure of the bypass mode.

8. The uninterruptible power supply of claim 1, wherein the
power conversion circuit 1s configured to provide power fac-
tor correction and reduced harmonic distortion.

9. The uninterruptible power supply of claim 1, wherein the
input voltage wavetorm 1s substantially in phase with an input

current signal.

10. A method of distributing power using an uninterrupt-
ible power supply having an 1nput, an output, a power con-
version circuit, and a bypass switch, the method comprising;:

operating the uninterruptible power supply 1n a bypass

mode wherein power at the output 1s provided from an
input power source via the bypass switch;
controlling the bypass switch to operate 1 a first configu-
ration to provide power at the output during a first halt of
a cycle of an input voltage waveform; and

controlling the bypass switch to operate 1n a second con-
figuration to provide power at the output during a second
half of the cycle of the input voltage wavetorm; and

using a phase lock loop circuit and a gate control circuit to
activate the bypass switch 1n one of the first configura-
tion and the second configuration based at least in part on
the input voltage wavelorm.

11. The method of claim 10, wherein the bypass switch
includes a first semiconductor controller rectifier and a sec-
ond semiconductor controlled rectifier, and the method fur-
ther comprises:

activating the first semiconductor controlled rectifier in the

first configuration, wherein the first semiconductor con-
trolled rectifier 1s active 1n the first configuration and the
second semiconductor controlled rectifier 1s inactive 1n
the first configuration; and

activating the second semiconductor controlled rectifier 1n

the second configuration, wherein the second semicon-
ductor controlled rectifier 1s active in the second con-
figuration and the first semiconductor controlled recti-
fier 1s 1nactive 1n the second configuration.

12. The method of claim 10, wherein the uninterruptible
power supply includes a backup power source, and the
method further comprises:

controlling the power conversion circuit to charge the

backup power source.

13. The method of claim 10, further comprising;:

recerving input power from an mput power source;

operating the power conversion circuit in parallel with the
input power source; and

providing output voltage from the power conversion circuit

at the output within 1% of a nominal voltage value
between 3.5 ms and 4.5 ms after a failure of the bypass
mode.

14. The method of claim 10, further comprising:

receving mput power from an iput power source;

operating the power conversion circuit 1n parallel with the
Input power source;
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providing voltage from the power conversion circuit at the
output less than 2.5 ms after a failure of the bypass mode;
and

identifying a drop 1n output voltage associated with the
failure of the bypass mode more than 3.5 ms after the
failure of the bypass mode.

15. The method of claim 10, further comprising;:

controlling the power conversion circuit to operate as a
power factor corrector rectifier.

16. The method of claim 10, further comprising;:

removing at least part ol a harmonic signal from an 1nput
current recerved at the iput.
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